The metabolic impact of inadequate sleep has not been determined in healthy individuals outside laboratories. This study aims to investigate the impact of sleep duration on five metabolic syndrome components in a healthy adult cohort. Methods: A total of 162 121 adults aged 20-80 years (men 47.4%) of the MJ Health Database, who were not obese and free from major diseases, were recruited and followed up from 1996 to 2014. Sleep duration and insomnia symptoms were assessed by a self-administered questionnaire. Incident cases of five metabolic syndrome components were identified by follow-up medical examinations. Cox proportional hazard ratios (HRs) were calculated for three sleep duration categories "< 6 hours/day (short)," "6-8 hours/day (regular)," and "> 8 hours/day (long)" with adjustment for potential confounding factors. Analyses were stratified by insomnia symptoms to assess whether insomnia symptoms modified the association between sleep duration and metabolic syndrome. 
INTRODUCTION
We spend one-third of our lifetime sleeping. Sleep is functionally important for cognitive performance 1 and homeostasis of the cardiovascular, 2 endocrine, 3 and immune systems. 3 However, the length of sleep has been significantly reduced due to the 24-hour lifestyle in modern society. Over the past 40 years, the prevalence of sleep shorter than 6 hours per day increased by more than 20% in the United States. The National Health and Nutrition Examination Survey 2005-2008 reported more than one-third of adults slept less than 7 hours per night. 4 Similar phenomenon was observed in Taiwan. The average sleep duration of adults was 6.3 hours per day according to the National Health Interview Survey in 2009. 5 Short sleep duration has been associated with poor quality of life, injuries, and death. 6 Sleep curtailment has become a growing public health problem.
Nevertheless, the impact of sleep curtailment on metabolic health has not been examined longitudinally across the lifespan in a large cohort. Previous epidemiological studies [7] [8] [9] [10] [11] estimating adverse metabolic effects of inadequate sleep were conducted in relatively small samples and did not screen their participants for comorbid conditions that can affect both sleep duration and metabolic health, such as hyperthyroidism and hypothyroidism. Inclusion of participants with these conditions created a significant amount of uncontrolled confounding, and thus made it difficult to ascertain whether inadequate sleep is a determinant of metabolic disorders or a sign of comorbid disease. Insomnia symptoms were also reported to be associated with an increased risk of cardiometabolic disease 12 ; however, the effects of insomnia symptoms have also not been considered in previous studies that assessed the association between sleep duration and metabolic health. Therefore, we investigated the prospective association of sleep duration with the incidence of five metabolic syndrome components in a healthy population, taking insomnia symptoms into account.
METHODS

Study Population
Health information were collected from an ongoing population-based cohort of 570 414 adults (up to December 2014) who participated in a standard medical screening programme conducted by the MJ Health Management Institution in Taiwan. Through a paid membership, every participant was encouraged to visit the Institution periodically and received a comprehensive screening for obesity (general and central), impaired fasting glucose (IFG) and diabetes, dyslipidemia, hypertension and other cardiovascular disease, stroke, thyroid disease (hyperthyroidism or hypothyroidism), asthma and chronic obstructive pulmonary disease, chronic kidney disease, hepatitis and liver cirrhosis, and
Statement of Significance
There has been a long-standing debate whether sleep duration is a determinant of cardiometabolic disease or a sign of comorbid conditions because previous studies did not exclude participants with pre-existing diseases that can affect both sleep duration and metabolic health, such as hyperthyroidism and hypothyroidism. To our knowledge, this is the first and largest prospective study reporting the metabolic impact of inadequate sleep duration in healthy individuals beyond the impact of comorbidities. Our findings provide strong evidence that short sleep duration is a significant risk factor of cardiometabolic disease, which emphasize the necessity for including sleep recommendations in future guidelines for optimal health.
cancer. The detailed information of the MJ Health Database has been published previously 13 and can be accessed through the website of the MJ Health Research Foundation.
14 From 1996 to 2014, 162 121 participants aged 20-80 years (men 47.4%), who did not have any of the aforementioned conditions determined by their first medical screening, were included in this study. These participants visited the MJ Health Management Institute and received medical screening for at least two times. All participants provided information on sleep. Most participants (98.7%) visited the Institution for medical screening on a yearly basis. The number of visits ranged from 2 to 19.
The ethics approval of the present study was obtained from the Joint Chinese University of Hong Kong and New Territories East Cluster Clinical Research Ethics Committee in Hong Kong (No. 2015.672). All participants gave written informed consent when they joined the medical screening programme at the MJ Health Management Institution. Personal identification was removed and remained anonymous when data were released for the purpose of research.
Data Collection
All participants were asked to report their demographic information, sleep condition, physical activity levels, cigarette smoking, alcohol consumption, and history of physician-diagnosed diseases through a self-administered questionnaire at every visit. Information from the first visit was used to investigate the association between sleep and metabolic health. There were two questions regarding sleep in the questionnaire. One question asked the participants to report the usual amount of time they slept per day ("How many hours do you usually sleep a day?") with answer categories "<4 hours," "4-6 hours," "6-8 hours," and ">8 hours." Since only a small number of participants (n = 1173, 0.7% of study population) slept less than 4 hours per day, these participants were grouped with those slept for 4-6 hours per day. All results were reported in the three categories of sleep duration; that is, "< 6 hours/day," "6-8 hours/ day," and "> 8 hours/day." The other question asked the participants to describe their sleep quality ("How is your sleep condition in the last month?") using one or more of the following response options: "Difficulty initiating sleep," "Difficulty maintaining sleep," "Feeling of non-restorative sleep," "Use of sleeping pills," and "Sleep well". According to the diagnostic criteria by the American Psychiatric Association, 15 participants were considered as having insomnia symptoms if they reported one or more of the symptoms above.
Baseline status of IFG and diabetes, dyslipidemia, hypertension, thyroid disease (hyperthyroidism or hypothyroidism), asthma, chronic obstructive pulmonary disease, chronic kidney disease, hepatitis, liver cirrhosis, and cancer was determined through both self-reported physician diagnosis in the questionnaire and objective medical assessment. Physical and biomedical examinations were conducted by trained professionals. Height and weight were measured with participants wearing light indoor clothing without shoes using an anto-anthropometer (Nakamura KN-5000A, Tokyo, Japan). The waist circumference was measured at the midway between the top of hip bone and the bottom of ribs. The body mass index (BMI) was calculated as body weight (in kilograms) divided by the square of body height (in meters). After sitting for at least 5 minutes, systolic (SBP) and diastolic blood pressures (DBP) were measured on the right arm using an auto-sphygmomanometer (Citizen CH-5000, Tokyo, Japan). If the SBP was greater than or equal to 140 mmHg or DBP was greater than or equal to 90 mmHg, a second measurement was conducted after 10 minutes, and the data from the second measurement were used for data analysis. Blood, urine, and stool samples were collected and tested after an overnight fasting for 12 hours. Fasting plasma glucose (FPG), total cholesterol (TC), high (HDL-C) and low density lipoprotein-cholesterols, and triglycerides (TGs) were measured in plasma enzymatically with autoanalyzer (Hitachi 7150, Tokyo, Japan). Thyroid stimulating hormone, creatinine, liver enzymes, markers of hepatitis, and cancer were tested in plasma to exclude participants with hyperthyroidism, hypothyroidism, chronic kidney disease, liver disease, or cancers. Urinary protein was tested to exclude participants who were susceptible to impaired kidney function. Fecal occult blood was tested to exclude participants who were susceptible to colorectal cancer. Lung function test was used to exclude participants with asthma or chronic obstructive pulmonary disease. Ultrasonography of carotid artery, breast, and abdomen was conducted to exclude participants who were susceptible to atherosclerosis, cirrhosis, or tumor in breast or abdomen.
Outcome Ascertainment
There were a total of six outcomes (metabolic syndrome and its five components) in the present study. Central obesity, high blood pressure, elevated fasting glucose (IFG and diabetes), low HDL-C, high TGs, and metabolic syndrome were defined according to the Joint Interim Statement of the International Diabetes Federation and the American Heart Association/National Heart, Lung, and Blood Institute on Metabolic Syndrome. 16 Central obesity was defined as waist circumference over 80 cm in women and over 90 cm in men. High blood pressure was defined as SBP greater than or equal to 130 mmHg and/or DBP greater than or equal to 85 mmHg. Participants were classified as normal (FPG < 5.6 mmol/L), IFG (5.6 ≤ FPG < 7.0 mmol/L), and diabetes (FPG ≥ 7.0 mmol/L). Low HDL-C was identified with HDL-C levels lower than 1.3 mmol/L in females and less than 1.0 mmol/L in males. TGs higher than or equal to 1.7 mmol/L were classified as high TGs. Presence of any three of the above five components constitutes a diagnosis of metabolic syndrome. After the baseline assessment at their first visit, all participants were followed up, and the outcomes were identified by medical assessments during the subsequent visits. Censoring took place as the first occurrence of the outcomes or the last visit if the outcomes did not occur.
Statistical Analysis
Baseline characteristics of participants were presented as number with percentage for categorical variables and mean with standard deviation for continuous variables. The incidence rate of metabolic syndrome and its five components was reported as the number of new cases per 1000 person-years. The following three Cox proportional hazards models were used to estimate the impact of sleep duration on metabolic health, and the results were reported as hazard ratios (HRs) (95% confidence intervals): Model 1 was adjusted for sex (female, male) and age (continuously); Model 2 was additionally adjusted for socioeconomic and lifestyle factors, including education levels (with or without Bachelor degree), marital status (single, married/ cohabiting, divorced/widowed), smoking (never, ever), alcohol drinking (frequency: <1/week, ≥1/week), and leisure-time physical activity (no/light activity, moderate activity, vigorous activity); and Model 3 was additionally adjusted for biomedical risk factors, including BMI (continuously), waist circumference (continuously), SBP (continuously), DBP (continuously), FPG (continuously), TC to HDL-C ratio (continuously), and TG (continuously). Stratified analyses by insomnia symptoms were conducted to assess the influence of insomnia symptoms on the association between sleep duration and metabolic health. The proportional hazard assumption was examined by plotting the Kaplan-Meier survival curves and by Schoenfeld residuals. There was no evidence against the proportionality assumption. We examined whether the association of sleep duration and metabolic health varied between women and men by adding sex interaction term to the fully adjusted models (Model 3). No evidence of effect modification by sex was found (all p values for interaction terms >.05), and combined results for both sexes were presented. All statistical analyses were performed using STATA version 14.0 software (Stata Corporation, College Station, TX). A two-tailed p value <.05 was considered to be statistically significant.
We also conducted two sensitivity analyses to evaluate the robustness of our findings: (1) we excluded cases identified in the first 3 years of follow-up and repeated the analyses to address potential reverse causality; and (2) we restricted the analyses to participants aged 50 years or younger at their first visit to test if the observed association of sleep duration and metabolic health was due to aging. Table 1 shows the baseline characteristics of the study population across three categories of sleep duration. From 1996 to 2014, 85 255 women (52.6%) and 76 866 men (47.4%) participated in this study, which contributed to 787 983 person-years of observation. Among them, 18.6 % were short sleepers (<6 hours/day), 72.8% were regular sleepers (6-8 hours/day, referent), and 8.6% were long sleepers (>8 hours/day). More than half of the participants (57.6%) reported that they had insomnia symptoms. More short sleepers took sleeping pills (1.2%) compared to regular sleepers (0.5%). There was no significant difference in demographic and cardiovascular risk factors among participants of the three categories of sleep duration at baseline.
RESULTS
Participant Characteristics
Sleep Duration and Metabolic Health
Among the 162 121 participants, 15 834 became overweight and obese (BMI ≥ 25 kg/m 2 ), and the incidence rate of overweight and obesity in the entire cohort was 23.1 (22.7-23.4) per 1000 person-years. The incidence rate increased by more than 20% in short sleepers (28. We conducted a stratified analysis to determine whether the association between sleep duration and metabolic health was modified by insomnia symptoms (Table 3 ). About two-thirds of short sleepers reported that they had insomnia symptoms at baseline. The unadjusted incidence rates of central obesity, IFG and diabetes, hypertriglyceridemia, and metabolic syndrome appeared to be a bit higher in short sleepers without insomnia symptoms than those with insomnia symptoms. After adjusting for sex, age, and other covariates (Model 3), the HRs of short sleep duration for metabolic syndrome and its five components were similar among participants with and without insomnia symptoms. The association of short sleep duration and metabolic syndrome was not modified by insomnia symptoms (All p for homogeneity of HRs >.05). However, long sleep duration appeared to be protective against metabolic syndrome only in participants without insomnia symptoms.
Sensitivity Analysis
Two sensitivity analyses were conducted to assess whether the association between short sleep duration and metabolic syndrome was due to reverse causality. First, we excluded incident cases in the first 3 years of follow-up and found that short sleep duration remained significantly associated with elevated risk of developing overweight/obesity (adjusted HR 1. (Table 4) . Second, we excluded participants older than 50 at baseline (21 953 participants, 13.5% of study population) and also found that the association of short sleep duration and the risk of metabolic syndrome was similar to those observed in the entire study population (Table 5 ). Long sleep duration remained to be associated with a decreased risk of hypertriglyceridemia, but there was no effect on metabolic syndrome after excluding participants older than 50.
DISCUSSION
Metabolic health is largely dependent on behavioral factors and their interactions with the genetic makeup. Sleep represents another important modifiable behavioral factor in addition to diet and physical activity. Investigating the prospective association between sleep duration and major metabolic traits in a healthy population helps us understand to what extent the length of sleep is able to modulate the accumulation of metabolic impact with minimum interference from reverse causality and residual confounding due to comorbidities. To the best of Short Sleep Duration Increases Metabolic Impact-Deng et al. our knowledge, this is the largest prospective cohort study of healthy individuals that has addressed this topic. After 787 983 person-years of follow-up, we observed that sleep duration less than 6 hours per day significantly increased the risk of developing general obesity, central obesity, IFG and diabetes, high blood pressure, low HDL-C, hypertriglyceridemia, and metabolic syndrome. The risk of metabolic syndrome associated with short sleep was essentially the same between participants with and without insomnia symptoms and was not attenuated by excluding either early cases identified in the first 3 years of follow-up or participants older than 50. Additionally, we also found that sleep duration longer than 8 hours in healthy adults was associated with reduced risks of hypertriglyceridemia and metabolic syndrome.
Comparison With Previous Studies
The associations between sleep duration and obesity, high blood pressure, dyslipidemia, hyperglycemia, and metabolic syndrome were examined separately in various populations but the evidence remained inconclusive. Short sleep duration was associated with obesity in most cross-sectional 9,17 and longitudinal studies, 18 while five cohort studies found no effect of sleep duration on weight gain. 18 A summary of 17 cross-sectional and six prospective studies reported that short sleep duration (≤5-7 hours per night) was associated with a higher risk of both prevalent and incident hypertension in participants younger than 65 years but not in older participants. 19 Although China Health and Nutrition Survey reported short sleep duration (<6 hours/ day) was associated with higher prevalence of hypertriglyceridemia in women, 20 another survey of 7100 healthy adults in Taiwan did not observe any association between sleep and dyslipidemia. 21 Both short and long sleep duration were linked to an increased risk of diabetes 22 and metabolic syndrome, 7-11 but some investigations suggested that long sleep duration was an indication rather than a determinant of underlying disease. 23, 24 Compared to the aforementioned studies, the present study has the following strengths. First, many previous studies were conducted in a cross-sectional manner which might be prone to reserve causality. Prospective cohort design with a large sample size enables the present study to determine the temporal direction of sleep-disease association with sufficient power to yield an unbiased result by adjusting for a comprehensive set of potential confounders. Second, previous studies did not exclude participants with pre-existing comorbidities. This limited their ability to dissect the role of sleep from the influence of comorbid conditions such as hyperthyroidism that affects both sleep and metabolic health. The present study screened all participants for major chronic disease and only included participants without these conditions and thus was able to evaluate the effects of sleep duration beyond the impact of comorbid disorders. As a result of selecting a healthy population and modeling with comprehensive adjustments for confounding factors, the HRs of sleep duration in the present study were lower than those in the previous studies. Our results remained unchanged after excluding early cases identified in the first 3 years of follow-up, which further confirmed that these findings were not due to reverse causality or affected by residual confounding. Third, many of the previous studies did not take into account insomnia symptoms and sleep medications. Insomnia symptoms are highly prevalent in individuals with short sleep duration. More than half of participants in the present study had insomnia symptoms. The association between sleep duration and metabolic syndrome cannot be properly interpreted without taking insomnia symptoms into account. In the present study, stratified analyses by insomnia symptoms demonstrated that the association between short sleep duration and metabolic syndrome were similar among participants with and without insomnia symptoms.
Potential Mechanisms for the Observed Associations
Several potential mechanisms underlying how curtailed sleep contributes to the impact of metabolic health have been suggested by many experimental studies. Sleep curtailment may contribute to obesity, diabetes, dyslipidemia, hypertension, and metabolic syndrome via pathophysiological changes in neuroendocrine and autonomous nervous systems as well as via behavior alterations in food intake and physical activity. 25, 26 The pathophysiological responses to acute sleep reduction were first demonstrated by Spiegel et al. 25, 27 who showed that sleep restriction led to decrease of glucose tolerance. Restriction of sleep to 4 hours per night was associated with a reduction of 30% in glucose clearance 25 and an elevation of 22% in endogenous hepatic glucose production. 27 Later studies conducted by Cedernaes et al. 28, 29 showed that sleep restriction impaired both fasting and postprandial insulin sensitivity. Potential underlying mechanisms include alterations in gut microbiota, 29 epigenetic, and transcriptional profile of core circadian clock genes. 30 Spiegel et al. 31 also reported that sleep restriction to 4 hours per night led to a 28% increase in ghrelin and an 18% decrease in leptin in healthy men, resulting in reduced fat oxidation. 32, 33 Overactive sympathetic nervous system and high levels of catecholamines due to sleep restriction can also increase blood pressure and heart rate. 34 In addition to these pathophysiological changes, sleep curtailment contributes to adverse Incidence rates were calculated as rates per 1000 person-years. Model 1: adjusted for age and sex; Model 2: adjusted for age, sex, education, marital status, smoking, alcohol drinking, leisure-time physical activity; Model 3: adjusted for age, sex, education, marital status, smoking, alcohol drinking, leisure-time physical activity, body mass index, waist circumference, systolic and diastolic blood pressure, fasting plasma glucose, total-and HDL-cholesterol ratio, and triglycerides. †p < .05; ‡p < .01; §p < .001. CI = confidence interval; HDL-C = high density lipoprotein-cholesterol; IFG = impaired fasting glucose.
modification of diet and physical activity. Sleep deprivation has been shown to increase food intake in order to compensate the energy needed for extended wakening time in a number of laboratories studies. 25, 26 An increased level of the orexigenic hormone ghrelin and a decreased level of the anorexigenic hormone leptin were also associated with increased appetite and food consumption. 25, 31, 35 Moreover, individuals with sleep deprivation were more likely to consume larger portion of meals and high-energy foods. 25, 36 Sleep restriction to roughly 4 hours per night was estimated to increase energy intake by 20%. 37, 38 These behavioral changes may partially result in activation of brain reward and food-sensitive centers by sleep loss. 39, 40 Meanwhile, short sleepers are less likely to engage in physical activity and more likely to have sedentary lifestyle. [41] [42] [43] Mechanisms underlying the association between long sleep duration and metabolic health are unclear. Previous studies suggested comorbidity 23, 24 is a key causal intermediate factor for the association between long sleep duration and adverse health events. In this study, we eliminated the impact of comorbidity by choosing healthy participants. We observed that sleep duration longer than 8 hours was protective against hypertriglyceridemia and metabolic syndrome. This is in contrast to most previous studies which found adverse effects or no associations. There may be different mechanisms that can explain the protective effects of long sleep duration. The recommended sleep duration for optimal health by the US National Sleep Foundation is 7-9 hours per night for people <65 years old. We speculated that a large proportion of the Incidence rates were calculated as rates per 1000 person-years. Hazard ratios were adjusted for age, sex, education, marital status, smoking, alcohol drinking, leisure-time physical activity, body mass index, waist circumference, systolic and diastolic blood pressure, fasting plasma glucose, total-and HDL-cholesterol ratio, and triglycerides (Model 3). †p < .05; ‡p < .01; §p < .001. CI = confidence interval; HDL-C = high density lipoprotein-cholesterol; IFG = impaired fasting glucose.
participants defined as long sleepers at the present study (>8 hours/day) might be within the recommended range of sleep duration (8-9 hours/day), and thus, we could not distinguish the effects of duration greater than 9 hours. Besides, mental health conditions are closely related to long sleep duration, but we did not collect information on mental health in this study. Further studies that take mental health conditions into account are warranted.
Limitations of the Present Study
Apart from the strengths highlighted above, there are several limitations in the present study. First, findings from a cohort study are not as robust as those from a randomized controlled trial. Since metabolic syndrome is a chronic condition that takes time to develop, it is neither practical nor ethically acceptable to put a group of healthy people under a hazard exposure (sleep curtailment) for years, let alone decades. For this reason, an observational prospective study in relatively young healthy individuals would be the closest to an ideal study design to evaluate the long-term health impact of sleep curtailment. Second, like other large-scale population studies, we used self-reported sleep duration rather than objective sleep measurement by actigraphy or polysomnography due to the high cost incurred and logistic difficulties of using sleep monitoring devices for over 100,000 individuals. Self-reported total sleep time recorded by a single question is correlated well with a 1-week sleep diary (r = 0.79), 44 moderately correlated with actigraphy record (r = 0.48-0.52) 45, 46 but weakly correlated with polysomnography data (r = 0.18). 46 The discrepancy between Incidence rates were calculated as rates per 1000 person-years. Hazard ratios were adjusted for age, sex, education, marital status, smoking, alcohol drinking, leisure-time physical activity, body mass index, waist circumference, systolic and diastolic blood pressure, fasting plasma glucose, total-and HDL-cholesterol ratio, and triglycerides (Model 3). †p < .05; ‡p < .01; §p < .001. CI = confidence interval; HDL-C = high density lipoprotein-cholesterol; IFG = impaired fasting glucose.
self-reported (sleep questionnaire and diary) and objective (actigraphy and polysomnography) measures of sleep may be ascribed to the small sample size and adaptation effects of polysomnography. More importantly, this discrepancy may reflect that psychological perception of sleep/awake state is somehow different from the physiological sleep/ awake thresholds defined by body movements and electroencephalogram. Self-reported sleep duration may represent a combination of psychological and physiological estimation of sleep behavior and thus might be more useful for identifying individuals under both psychological and biological stress. Nevertheless, both self-reported and objective short sleep duration were associated with increased cardiometabolic risk. 47, 48 Third, the prevalence of insomnia symptoms was assessed by a simple question that was useful for largescale screening programme but did not account for severity, frequency, duration, or association with daytime functioning of the symptoms. Fourth, due to the lack of multiple assessments of sleep and insomnia symptoms, we were not able to capture the longitudinal changes of sleep condition and its immediate health impact. Fifth, our study did not evaluate the role of sleep apnea in the association between sleep duration and metabolic health. A previous study in adults with obstructive sleep apnea showed that short sleepers had higher risk for hypertension than regular sleepers (odds ratio: 1.66 [1.16-2.38]), 49 suggesting that short sleep duration contributes to extra risk in addition to sleep apnea. Further prospective investigation in large-population cohort is warranted to distinguish the effects of sleep duration and apnea. Finally, although we have adjusted for a large number of confounding factors in our models, some potential confounders were not included, such as variability in weekday-weekend sleep, Incidence rates were calculated as rates per 1000 person-years. Hazard ratios were adjusted for age, sex, education, marital status, smoking, alcohol drinking, leisure-time physical activity, body mass index, waist circumference, systolic and diastolic blood pressure, fasting plasma glucose, total-and HDL-cholesterol ratio, and triglycerides (Model 3). †p < .05; ‡p < .01; §p < .001. CI = confidence interval; HDL-C = high density lipoprotein-cholesterol; IFG = impaired fasting glucose.
